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We report measurements of lower-hybrid drift waves driving electron heating and vortical flows in an
electron-scale reconnection layer under a guide field. Electrons accelerated by the electrostatic potential of
the waves exhibit perpendicular and nongyrotropic heating. The vortical flows generate magnetic field
perturbations comparable to the guide field magnitude. The measurements reveal a new regime of electron-
wave interaction and how this interaction modifies the electron dynamics in the reconnection layer.
DOI: 10.1103/PhysRevLett.125.025103
The lower-hybrid drift instability (LHDI) is thought to be
effective in plasma transport, e.g., [1–5], heating [6,7], and
current dissipation [8–10] in systems where binary colli-
sions are unimportant. It is driven by currents across the
magnetic field in inhomogeneous plasmas [10]. During
magnetic reconnection as the stored magnetic energy is
released [11,12], both cross-field currents and spatial
inhomogeneities are particularly strong in the core region
of reconnection characterized by an intense electron current
layer [13–16]. This region is referred to as the electron-
scale reconnection layer. Such an environment is in
principle conducive to the LHDI.
The role of LHDI in the electron-scale reconnection
layer has not been experimentally established. The LHDI is
widely considered to be important in magnetic reconnec-
tion by theories and simulations (see review by Fujimoto
et al. [17]). However, detecting the LHDI in the electron-
scale reconnection layer is highly challenging. Earlier
laboratory [18,19] and space [20,21] measurements have
only observed waves produced by the LHDI at the outer
edge of the ion-scale reconnection current layers. One
laboratory work showing waves in the lower-hybrid fre-
quency range inside ion-scale reconnection layers only
measured the magnetic field [22,23] and was not able to
address the electrostatic aspect of the waves nor the electron
response. In the laboratory experiment in [22,23], the probe
is larger than the width of the electron-scale reconnection
layer (approximately a few electron skin depths), and hence
not able to resolve whether the waves could occur inside the
layer. For space experiments, even though probe dimen-
sions are orders of magnitude smaller than the electron skin
depth, crossings of an electron-scale reconnection layer
typically last for only a fraction of a second. Owing to the
measurement time resolution, detection of the electron
response to the waves could not be made until the
Magnetospheric Multiscale (MMS) mission [24,25]. Our
recent work suggests the presence of lower-hybrid drift
waves (LHDW) in the electron-scale reconnection layer but
the analyzed measurements (30 ms=sample) was insuffi-
cient to resolve the electron response [26]. In this Letter, we
analyze the multidimensional structure of the wave electric
field and its influence on electron distribution functions
(7.5 ms=sample [27]). The measurements reveal a new
regime of electron-wave interaction and the strong modi-
fication of electron dynamics in the reconnection layer.
Fully kinetic simulations predict that LHDWs canmodify
ion-scale current sheet properties and lead to onset of
collisionless reconnection [7,28–31]. Electron heating
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preferentially perpendicular to themagnetic field is shown to
enhance the growth rate of the tearing instability responsible
for reconnection onset by orders of magnitude [7,31].
Furthermore, the perpendicular heating is found to be non-
gyrotropic in a simulation [7]. These predictions have found
no experimental evidence so far. On the other hand, the two-
dimensional (2D) electric field structure of the LHDWs,
predicted in the instability analysis [28,32,33] and simula-
tions of ion-scale current sheets [34], has been observed at a
plasma boundary without magnetic reconnection [35].
Here, we discuss LHDWs driving electron heating and
flow vortices in an electron-scale reconnection layer
observed by multiple MMS spacecraft. The size of the flow
vortices is comparable to the width of the electron layer. In
the layer, the magnetic field component antiparallel to the
direction of the current (known as the guide field) dominates.
Thewaves have a strong electrostatic component. Thewave
electric field perpendicular to the magnetic field results in
vortical flow patterns that produce magnetic field perturba-
tions comparable to the guide field magnitude. Electron
acceleration by the wave electric field results in
perpendicular and nongyrotropic heating. The measure-
ments used in this Letter are taken by the following instru-
ments: dc-coupled magnetic fields by the flux gate
magnetometer [36], ac-coupled magnetic fields the search
coil magnetometer [37], electric fields the electric double
probes [38,39], and plasma measurements the fast plasma
investigation [40].
The electron-scale reconnection current layer is encoun-
tered by MMS on the night side of the terrestrial mag-
netosphere at ∼18RE from the Earth at approximately
05∶27∶07 UT on 03 July 2017. A key signature of
magnetic reconnection is the correlated reversals of the
reconnected magnetic field BN and the plasma outflows VL,
as illustrated in Fig. 1(a), where L is along the outflow,M is
the direction of the reconnection current, and N completes
the third orthonormal direction [26]. The correlated rever-
sals are captured by MMS1 as shown in Figs. 1(b) and 1(c).
In the two-second interval, BN evolves from þ3 to −4 nT
[Fig. 1(b)], and the reversal is in concert with reversals of
the electron and ion outflows, VeL and ViL [Fig. 1(c)]. At
the location of the correlated reversals, the current is mainly
carried by the electron flow, indicative of the electron-scale
reconnection layer. The half-width of the electron current
layer is estimated to be 25 km ∼2.8de, where de ¼ c=ωpe ∼
8.8 km is the electron skin depth based on the upstream
density [41], c is the speed of light, and ωpe is the electron
plasma frequency. The estimate is established by
BL=ðΔBL=ΔNÞ. Two ways to obtain the gradient
ΔBL=ΔN are based on: (a) BL and N from the MMS1
andMMS3 spacecraft [relative locations alongN illustrated
as the origins of arrows in Figs. 3(a) and 3(b)]; (b) μ0JM
(with negligible ΔBN=ΔL) measured by MMS1 before the
BN reversal when the spacecraft enters the most intense
VeM layer. The two estimates yield consistent results.
Large-amplitude waves in the lower-hybrid frequency
range are observed in the electron current layer in the
interval 05∶27∶07.15 − 05∶27∶07.75 UT [marked by a
horizontal blue bar in Fig. 1(d)]. In this interval, BM is
the dominant magnetic component, known as the guide
field, estimated to be ∼30% of the asymptotic reconnecting
component [26]. The fluctuation profiles of the electron
flow components VeL and VeN are correlated with those of
the electric field components EN and EL, respectively,
indicative of wave-driven flows through the E × B drift
(VE×B). However, the electron flow velocity perpendicular
FIG. 1. Large-amplitude LHDWs driving electron flow bursts
in an electron-scale reconnection layer detected by the MMS1
spacecraft. (a) Schematic showing MMS1 trajectory in an
electron-scale current layer (the colored region where warmer
colors represent stronger current densities) during reconnection
with a guide field. Gray curves represent magnetic field lines.
Note that the region where the outflow VL is positive (negative),
the magnetic field BN is also positive (negative). (b) Three
components of the magnetic field B. (c) Electron flows VeLMN
and 20 times the ion outflow, 20ViL. (d) Electric field compo-
nents ELMN . (e) Electron (red) and ion (green) flow velocities
along the E × B direction and the E × B drift speed (blue). (f) The
electric field power spectral density. (g) The magnetic field power
spectral density. The lower-hybrid wave frequency is displayed as
a curve in panels (f) and (g). The wave interval is marked by a
light blue bar in Fig. 1(d).
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to the magnetic field (Ve⊥) exhibits finite deviations from
VE×B [Fig. 1(e)] in correlation with largest amplitude E
fluctuations. The physics behind these deviations will be
further studied in Fig. 4. The ion velocity Vi⊥ is much
smaller than Ve⊥ and VE×B [Fig. 1(e)], implying that ions
are unmagnetized and decoupled from electrons. The
decoupling gives rise to a strong ion-electron relative drift
perpendicular to the magnetic field. This condition in
combination with the density and magnetic field gradients
alongN is conducive to the LHDI [10]. The spectral powers
in the electric [Fig. 1(f)] and magnetic [Fig. 1(g)] fields are
enhanced by more than one order of magnitude in the




∼ 3–8 Hz in
the interval.
The frequency-wave number relation measured by MMS
is consistent with the local dispersion relation predicted by
the LHDI theory [10]. The MMS data points are observed
at around the predicted maximum growth rate. The theo-
retical dispersion and the growth rate curves (Fig. 2) are
obtained by inputting the parameters measured by MMS to
Eq. (5) in Ref. [10] in the Te ≪ Ti limit (the observed
Te=Ti ∼ 0.1). The parameters (averaged over the wave
interval) are the background E × B drift speed 4300 km=s,
ion thermal speed 760 km=s, magnetic field magnitude
8.1 nT, plasma density 0.36 cm−3, magnetic field gradient
along N 0.20 nT=km, and density gradient along N
−0.000 75 cm−3=km. The ion bulk velocity Vi⊥ is negli-
gible [see Fig. 1(e)] compared to the perpendicular wave
speed ω=k⊥ ∼ 1500 km=s. The wave vector k for the flh
range of 3–8 Hz (corresponding to the range of ω=ωlh
covered by the MMS data points in Fig. 2) is computed
from the Fourier components of the measured magnetic
field and current density at each frequency bin, kðωÞ ¼
iμ0JðωÞ × BðωÞ=jBðωÞj2 [where BðωÞ is the complex
conjugate of BðωÞ], assuming traveling waves and no
displacement current in Ampere’s law [45]. The average
direction of propagation is [−0.995, −0.071, 0.068] in the
LMN coordinates, and average phase speed ω=k ¼
1450 km=s.
Simultaneous multipoint measurements of the wave
electric fields perpendicular to B, denoted as δE⊥, reveal
an alternating converging and diverging pattern [an exam-
ple is shown in Fig. 3(a)]. This pattern bears a high degree
of similarity to the electric field structure of LHDW
observed at a plasma boundary without reconnection
[35]. The bandpass (2–50 Hz) filtered δE⊥ vectors
measured by MMS1-3 are projected onto the L-N plane
using the propagation velocity Vp ∼ −1450 km=sL̂ to
FIG. 2. The dispersion relation measured by MMS (solid black
circles) and predicted by theory (blue curve) [10]. The MMS data
points are observed at around the maximum growth rate (red)
with an average k⊥ρe about 0.15. The electron thermal gyroradius
ρe ¼ vte=ωe ∼ 8 km, where the electron thermal speed vte ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Te=me
p
is based on the average electron temperature Te and
the electron gyrofrequency ωe based on the average magnetic





FIG. 3. One outstanding example of an LHDW structure
(marked by the magenta arrow in Fig. 1) with its resulting
electron vortical flow and heating. (a) Electric field vectors
perpendicular to B projected onto the L-N plane from three
MMS spacecraft. (b) Electron flows δVe⊥ from three spacecraft
showing a vortical pattern. (c) The electrostatic potentials ΦE
(blue) and ΦB (red) computed based on integrating the measured
δE⊥ along k and based on δB, respectively. (d) Electron temper-
atures parallel (red) and perpendicular (blue) to B showing
preferential perpendicular heating. The quantities δE⊥, δVe⊥,
and δB are bandpass filtered at 2–50 Hz, extending beyond the
range of the local flh to cover most of the enhanced E spectral
power [Fig. 1(f)] while removing the dc component.
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convert from time to distance along L [Fig. 3(a)]. The N
coordinates are based on the spacecraft relative locations
with zero set to be at the estimated BL ¼ BN ¼ 0 line (the
reconnection X line).
In the presence of the guide field BM, a vortical electron-
flow pattern is formed on the L-N plane due to the δE × B
drift. Here, the vortical δVe⊥ flows are directly detected for
the first time by the electron instrument on MMS and
shown in Fig. 3(b). Such a flow pattern gives rise to a
circulating perpendicular current and results in a magnetic
perturbation δB along M. This δB is comparable to the
guide field BM, and can be visually discerned as the
localized enhancement in BM at 05∶27∶07.7 UT [marked
by a magenta arrow in Fig. 1(c)]. The spatial scales of this
vortical structure are approximately the half-width of the
electron current layer (∼2.8 de). The estimated half-width
of the vortical structure is 30 km (3.4 de) along L, and
15 km along N [Figs. 3(a) and 3(b)]. The N size is
constrained by the spacecraft separation.
The LHDW dramatically impacts the electron dynamics
in the reconnection layer. Electrons with gyroradius com-
parable with the half-width of the vortex are accelerated by
the wave electric field, resulting in perpendicular heating
and a possibility to enhance the tearing growth rate
predicted by simulations, e.g., [7]. The electrostatic
potential ΦE ¼
R
δE · Vpdt reaches 560 V from the
exterior to the center region of the vortical structure at
05∶27∶07.7 UT [Fig. 3(c)]. To determine Vp, the potential
can be written as ΦB ¼ B · δB=enμ0 [35,46] using
Ampere’s law ∇ × δB ¼ μ0en∇ΦB × B=jBj2, where B is
the instantaneous magnetic field, and the magnetic field
perturbation δB (parallel to the average magnetic field over
the vortex) is from the electron δE × B drift current. By
maximizing the correlation between ΦE and ΦB profiles
(correlation coefficient 0.97), the structure propagation
velocity Vp is obtained to be −1430 km=s L̂, consistent
with the phase velocity obtained earlier. Figure 3(d) shows
that the maximum increase in Te⊥ is 205 eV in contrast to
96 eV for Tek. The potential provides a ∼560 eV kinetic
energy gain for the electrons passing from the equipotential
of location A [locations are labeled on the data points in
Fig. 3(d)] to that of location C within one gyro-orbit. In
contrast, the average Te for the interval 05∶27∶07.15 −
05∶27∶07.75 UT is 360 eV, significantly lower than the Te
inside the potential structure.
The perpendicular heating is nongyrotropic as revealed by
the distribution functions. At the potential maximum, the
electron distribution function in the velocity plane
perpendicular to the magnetic field, the vE×B − vE⊥ plane,
exhibits a nongyrotropic crescent structure (distribution C in
Fig. 4). The energy corresponding to the inner velocity
boundary of the crescent population indicates the acceler-
ation potential energy for electrons with negligibly small
energy outside the potential structure, e.g., [47]. In this case,
the inner boundary is at a cutoff speed of approximately
14 000 km=s (∼558 eV), consistent with the potential
energy difference 560 eV between locations A and C based
on the electrostatic potential computed from the measured E
and B [Fig. 3(c)]. This agreement indicates direct accel-
eration of the crescent electrons by the LHDW electrostatic
potential. The crescent population has an angular spread
with respect to vE⊥ ¼ 0 due to finite gyroradius effects of
nonuniformly distributed electrons that have been acceler-
ated, e.g., [47–49]. Distribution A, located outside the
potential, does not exhibit a crescent structure, supporting
that the crescent distribution in Fig. 3 is a consequence of
energization during electron gyration across the wave
potential and not a mere product of the larger-scale recon-
nection process. In the wave interval, multiple vortices
exhibiting nongyrotropic heating are observed.
As the spacecraft travels through the 2D potential
structure along L, the maximally achievable kinetic
(a) (b)
FIG. 4. Reduced electron distribution functions in the background E × B (low pass filtered fields below 1 Hz) drift frame showing
nongyrotropic perpendicular heating and direct acceleration by the LHDW potential. (a) Distributions ABC [corresponding to the data
points marked in Fig. 3(d)] in the vE×BvE⊥ plane, where vE×B and vE⊥ are along the E × B and perpendicular electric field directions,
respectively. (b) Phase-space densities of the reduced distributions ABC as a function of the perpendicular energyW⊥ along the direction
of vE×B. The dotted magenta (light-blue) curve is distribution A (B) shifted by the potential energy difference between time A (B) and
time C, and agrees with distribution C within uncertainties (150 eV given by the instrument’s energy bin width and/or the potential
energy change over the distribution sampling time).
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energies at locations A–C differ by the corresponding
potential energy increments (Fig. 4), further supporting
that the crescent electrons are demagnetized and acceler-
ated by the LHDW potential. The phase-space density
integrated over vk and averaged over an angular range
within 30° from theþvE×B direction (approximately−L̂) in
the v⊥ plane is plotted as a function of the electron
perpendicular energy W⊥ ¼ mev2⊥=2 [Fig. 4(b)]. The
potential energy difference between time A (B) and time
C [marked in Fig. 3(d)] deduced from ΦE [Fig. 3(c)] is
added to the spectra from distribution A (B) and plotted as
the magenta (light blue) dotted curve. The agreement with
spectra C between ∼0.7–1.2 keV further substantiates that
the crescent electrons are accelerated by the potential
difference, implying that these electrons are demagnetized.
The crescent electrons have an average energy ∼800 eV.
The gyroradius of these electrons from the edge
(jBj ∼ 6 nT) to the center (jBj ∼ 10 nT) of the potential
structure is 16–9 km. Electrons from outside of the
potential could reach the peak potential region in one
gyro-orbit, as the half-width of the potential is comparable
to twice the gyroradius. We note that while the crescent
electrons are demagnetized, the motion of lower energy
electrons is predominantly the δE⊥ × BM drift, and gives
rise to the vortical flows.
The guide field plays a pivotal role in allowing LHDI to
occur in the electron-scale reconnection layer. In the wave
interval, the guide field (BM) is the dominant magnetic field
component [Fig. 1(a)], giving rise to a strong electron
outflow jet VeL through the EN × BM drift in the high Hall
electric field EN region [Figs. 1(c)–1(e)]. The background
drift velocity is toward −L with an averaged magnitude of
4300 km=s (∼15VA, based on local jBj), placing the
system in a high drift regime as this electron-ion relative
drift is significantly larger than the ion thermal speed of
750 km=s. The guide field keeps the electron beta (ratio of
the electron thermal energy to the magnetic energy) in the
range of ∼0.3–2 during the LHDW interval, such that the
finite-beta stabilization [10] does not come into effect. The
relatively high electron-ion drift and moderate beta due to
the guide field provide an environment for LHDI to
take place.
In summary, LHDWs are observed to cause electron
nongyrotropic heating and vortical flows in an electron-
scale reconnection layer with a finite guide field. The
waves have a spatial scale comparable to the half-width of
the electron layer, and primarily propagate along the
outflow direction. Electron preferential perpendicular
heating and nongyrotropy predicted by simulations [7]
are observed for the first time, providing a potentially
fertile ground for further reconnection to occur on the
wave spatial scales. The strong electron vortical flows lead
to δB comparable to the guide field magnitude. The
measurements reveal a new regime of LHDW interaction
with electrons.
Can the preferential perpendicular heating further trigger
secondary tearing at the LHDW scale? Pursuit of this open
question will transform our current picture of turbulent
reconnection and guide-field reconnection. Existing analy-
sis of tearing instabilities considers primarily current sheets
much thicker than the electron scale. To address the
question of reconnection onset on the LHDW scale, fully
kinetic simulations and state-of-the-art laboratory recon-
nection experiments that resolve the plasma response in the
LHDW spatiotemporal scales are required.
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